The RAD52 epistasis group was identified in yeast as a group of genes required to repair DNA damaged by ionizing radiation [ 
The human Rad52 protein, purified after overexpression in baculovirus-infected insect cells [20] , was examined by transmission electron microscopy ( Figure 1a) . A total of 12,116 images of rings were collected from preparations that had been negatively stained with uranyl acetate. An average of these images, generated with a reference-free algorithm [21] , failed to show any clear symmetry (Figure 1b) . When the images were grouped according to rotational power [14, 22] , the 12-fold rotational component was found to be the strongest. Averages generated from the particles with the strongest 12-fold power did not, however, display a 12-fold rotational symmetry (data not shown). This lack of clear symmetry could arise from heterogeneity of the rings, or the possibility that most projections are not along the symmetry axis of the rings.
STEM was used both to assess sample heterogeneity and to determine the average number of subunits within the rings by mass measurement. Unstained samples adsorbed to thin carbon support films were freeze-dried in the microscope. Quantitative dark-field images were then recorded and evaluated, as described previously [23] . Almost 3,000 particles were selected for measurement. Because, for such thin samples as Rad52, multiple scattering can be ignored, image intensity was directly proportional to sample mass and the only correction applied to the raw data was for beam-induced mass loss (which was directly determined). Extrapolation to zero electron dose indicated an absolute mass of 335 kDa for Rad52. To assess the uncertainty of this value, the data were subsequently scaled to their zero dose values, pooled and displayed in a histogram (Figure 2b ). The Gauss curve fitted yielded a value of 330 kDa with a standard deviation of 59 kDa (n = 2,921). Given the 48.4 kDa molecular weight of the histidine epitope-tagged human Rad52 protein, the results indicate the presence of seven monomers per ring. Rotational power analysis was then used to sort the images of the negatively stained rings according to the strength of their six-, seven-, and eightfold rotational components. Only averages from images selected for the strength of the sevenfold component showed a clear symmetry (Figure 1c-e) . The simplest explanation, therefore, for the lack of a clear sevenfold symmetry visible in negative stain is that most images of the rings do not correspond to projections down the axis of symmetry, but rather arise from particles adsorbed to the grid at other angles.
We took advantage of these tilted views to generate a 3D reconstruction. Using a k-means clustering algorithm [24] , 11 different averages were generated from the 12,116 images. Assuming that these averages correspond to different tilts of the same 3D structure, a common-lines-based approach was then used to determine the relative orientation of each [24] . Together with their Euler angles, these 11 images then allowed a preliminary 3D reconstruction to be generated using R-weighted back-projection. A sevenfold symmetry was imposed on the resulting reconstruction, which was subsequently used to generate reference projections for a new classification and alignment of the images. This procedure was iterated several times, and found to converge rapidly. The final reconstruction was generated using 10,778 images, the remaining 11% with the weakest cross-correlations against the reference projections having been removed from the data set. To determine the resolution, the 10,778 images were randomly divided into two groups from which two independent 3D reconstructions were generated. The phase residual difference between the Fourier transforms of these 3D maps was smaller than 45°up to 16 Å resolution. A number of tests were done to confirm the correctness of the reconstruction, including demonstrating that different projections of the reconstruction matched different class averages of the images exceedingly well (see Supplementary material).
Surface views of the reconstruction are shown in Figure 3 . The ring is ~130 Å in diameter, and extends ~110 Å in the direction of the symmetry axis. Each subunit is elongated, being joined to its immediate neighbors at one end to generate a funnel-shaped opening, and separated from the other subunits at the opposite end to give rise to seven protrusions. The central channel formed is ~40 Å in diameter at its narrowest point, and ~60 Å in diameter at the 'mouth' of the funnel. The structure has a distinct handedness, but the absolute direction of this was not determined. Two small pieces of disconnected density appeared in the reconstruction within the central channel. This feature is directly related to a variable feature in the projections, as shown by the application of correspondence analysis [25] in Figure 4 .
The heptameric human Rad52 ring has a very similar organization to hexameric helicases, such as bacteriophage T7 gp4 [16] and SV40 large T antigen [18] , whose six subunits are also arranged in a cyclic symmetry about a central channel. The Rad52 rings display a strong pinwheel appearance in projection, as do gp4 [17] , E. coli DnaB [14, 15] , and SV40 large T antigen [18] . Indeed, all helicases appear to be structural homologs of the RecA protein [26] , which also forms a hexameric ring [27] . The human Dmc1 protein is a meiotic homolog of RecA, and it forms an octameric ring in which DNA is bound within the central channel [28] . It is also generally accepted that DNA is bound within the central channel in the hexameric helicases, and this has been directly established for SV40 large T antigen [29] , T7 gp4 [17, 30] and DnaB [31] . Nevertheless, data suggest that RNA may be wrapped around the outside of the hexameric rho RNA-DNA helicase [32, 33] . Wrapping has also been proposed for the bacteriophage P22 essential recombination function (Erf) protein [34] and β protein from bacteriophage λ [35] . Knowledge of whether single-stranded DNA is bound within the central Rad52 channel or wraps around the outside of the ring is key to understanding the function of Rad52. As a DNA column was used during the purification of Rad52, the variable central density observed might indeed arise from contaminating DNA in the preparation. The mode of DNA binding to Rad52 would then be the same as that of the hexameric DNA helicases. In this case, however, it would be difficult to understand how Rad52 catalyzes the annealing of two complementary singlestranded DNA molecules [5] . Further study is in progress to clarify this important point.
In summary, we now understand that ring structures formed by a superfamily of proteins containing the conserved RecA nucleotide-binding core are ubiquitous in DNA recombination, replication and transcription. These include the hexameric helicases and the octameric Dmc1 rings [28] . It has been observed that the δ′ subunit of the E. coli clamp-loader complex, a protein which does not bind ATP and which has no recognizable sequence similarity to RecA or any helicase, has the conserved RecA nucleotide-binding fold [36] . This protein is part of the apparatus that loads the processivity factor of polymerase III onto the DNA that is being replicated. This unexpected structural finding suggests that other proteins involved in DNA metabolism may share this same conserved structural core, at the same time that sequences have diverged so strongly as to have no recognizable homology. We have shown here that human Rad52 protein exists as a heptameric ring structure that is similar in structural organization to the hexameric ring helicases. While this does not necessarily suggest that Rad52 also contains the conserved RecA core, it does indicate that the higher-order structure of many seemingly unrelated proteins involved in DNA metabolism may be similar, either through convergent evolution or a divergence of sequence and function with the conservation of quaternary structure.
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Figure 3
Surface views of the 3D reconstruction of heptameric human Rad52. The view at the top left includes the small unconnected densities in the central channel that result from a variable feature in the projections (see Figure 4) . The surface has been chosen so as to enclose the expected molecular volume, assuming a partial specific volume for protein of 0.75 cm 3 /g.
Figure 4
Correspondence analysis applied to two characteristic views: (a,b) along the symmetry axis, and (c,d) 15°away from the symmetry axis. In both cases, the main difference between the image classes involves a central density. In (a,b), 331 projections were grouped into two classes: (a) an average of 174 images that had no central density, and (b) an average of 157 images that showed a central density. Similarly, 3,114 images corresponding to a 15°tilt of the ring were classified into: (c) an average of 1,675 images with no central density, and (d) an average of 1,439 images that showed a density within the central channel.
Materials and methods
Specimen preparation and transmission electron microscopy
The human Rad52 protein was overexpressed in baculovirus-infected insect cells and purified as described [20] . Specimens were stained with 2% uranyl acetate and imaged using minimal-dose conditions with a Philips CM100 electron microscope at a magnification of 53,000 ×. Negatives were scanned with a Leaf45 densitometer at a sampling of 4 Å/pixel. Processing was done with the SPIDER software package [37] .
STEM mass analysis
The required images were recorded from unstained freeze-dried samples using a Vacuum Generators STEM HB-5 interfaced to a modular computer system (Tietz video and image processing systems GmbH). The microscope was operated at an accelerating voltage of 80 kV and a nominal magnification of 200,000 ×. Image evaluation was as described previously [23] . Expression of the mass results in terms of the residual mass percent (y) yielded the relationship y = 100 -(1.46 × 10 -2 ) x, where x is the dose in electrons/nm 2 . This allowed individual scale factors to be calculated to correct the data to their zero dose (absolute) values.
Supplementary material
A figure showing that different projections of the 3D reconstruction match different class averages of the images is available at http://current-biology.com/supmat/supmatin.htm.
